Introduction
============

Aberrant activation of survival-signaling pathways has an important role in cancer development, progression and resistance to treatment.^[@bib1],\ [@bib2]^ In colon cancer (CRC), activation of the phosphatidylinositol 3-kinase (PI3K) pathway is of particular importance, in that many common genetic and epigenetic anomalies in the disease, such as amplification of epidermal growth factor receptor, activating mutations of *KRAS* and loss of phosphate and tensin homolog deleted on chromosome 10 (*PTEN*), converge on activation of PI3K signaling.^[@bib3]^

PI3K signaling is initiated with the engagement of extracellular growth factors to receptor tyrosine kinases. This results in recruitment of PI3K to plasma membrane-anchored receptors where it is activated, leading to increases in the production of phosphatidylinositol(3,4) bisphosphate (PI(3,4)P~2~) and phosphatidylinositol(3,4,5) trisphosphate (PI(3,4,5)P~3~), which in turn bind to and activate multiple downstream effectors.^[@bib4],\ [@bib5]^ Among them is Akt, which, upon activation, phosphorylates a large array of substrates to promote cell survival and proliferation and contributes to the pathogenesis of cancer.

PI3K can also drive oncogenic signaling independently of Akt through activation of serum- and glucocorticoid-regulated kinase (SGK), another family of serine/threonine kinases consisting of three isoforms, SGK1, SGK2 and SGK3,^[@bib6]^ which are highly homologous to and share substrate specificity with Akt. Among SGK isoforms, SGK3 is unique in that it contains an N-terminal PX domain that enables its binding to PI(3)P, thus targeting it to early endosomes where it is fully activated.^[@bib6],\ [@bib7]^

Activation of PI3K signaling is negatively regulated by three classes of inositol polyphosphate phosphatases.^[@bib8],\ [@bib9],\ [@bib10]^ The inositol polyphosphate 3-phosphatase (3-phosphatase) PTEN dephosphorylates the 3-position of PI(3,4,5)P~3~ to generate PI(4,5)P~2~ (refs. [@bib11], [@bib12]), whereas 5-phosphatases, such as Src homology 2-containing inositol 5- phosphatase (SHIP) and phosphatidylinositol 4,5-bisphosphate 5-phosphatase (PIB5PA)/proline-rich inositol polyphosphate phosphatase (PIPP) dephosphorylate the 5-position to produce PI(3,4)P~2~.^[@bib13],\ [@bib14]^ The latter is in turn subjected to dephosphorylation by inositol polyphosphate 4-phosphatase type I (INPP4A) and type II (INPP4B) at the 4-position to generate PI(3)P, thus terminating PI3K signaling.^[@bib9],\ [@bib15]^

Although PTEN is a well-established tumor suppressor,^[@bib11],\ [@bib12]^ some 5-phosphatases such as SHIP2 and PIB5PA and the 4-phosphatase INPP4B are also tumor suppressive through inhibition of PI3K signaling in a variety of types of cancers.^[@bib8],\ [@bib9],\ [@bib13]^ Nevertheless, INPP4B-dependent activation of SGK3 drives tumourigenesis in a subset of breast cancers with low Akt.^[@bib16]^ Moreover, INPP4B is associated with chemoresistance and poor outcome of patients with acute myeloid leukemia.^[@bib17],\ [@bib18]^ Here we report that INPP4B is frequently upregulated in human colon cancers and has an important role in colon cancer cell proliferation. In addition, we show that the effect of INPP4B on colon cancer is mediated by activation of Akt and SGK3 that is associated with downregulation of PTEN through its protein phosphatase activity and that upregulation of INPP4B is due to an Ets-1-mediated transcriptional increase in colon cancer cells.

Results
=======

INPP4B is frequently upregulated in human colon cancer
------------------------------------------------------

We examined the expression of INPP4B by immunohistochemistry in tissue microarrays constructed from 124 formalin-fixed paraffin-embedded colon cancers and paired adjacent noncancerous colon tissues ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}). The results revealed that INPP4B expression was elevated in 82 colon cancers (66%). The average increase was 8.2 times ([Figures 1a and b](#fig1){ref-type="fig"}). However, there was no significant difference in INPP4B levels among colon cancers of different clinicopathological groups defined by stage and grade of the tumors as well as gender and age of the patients ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}).

The expression of INPP4B mRNA was quantitated by quantitative PCR (qPCR) analysis of laser capture micro-dissected CRC cells from another cohort of 120 freshly removed colon cancers in comparison with paired adjacent noncancerous epithelial tissues ([Supplementary Table S2](#sup1){ref-type="supplementary-material"}). The INPP4B transcript was similarly increased in dissected CRC cells from 70% of the colon cancers with an average increase of 8.6-folds ([Figure 1c](#fig1){ref-type="fig"} and [Supplementary Figure S1](#sup1){ref-type="supplementary-material"}). In support, analysis of the publically available Matsuyama microarray gene expression data set indicated that the INPP4B mRNA expression was higher in laser capture micro-dissected CRC cells compared with homogenized colon cancer tissues that were a mixture of CRC cells and adjacent noncancerous cells ([Figure 1d](#fig1){ref-type="fig"}; <http://r2.amc.nl>).

We also examined the expression of INPP4B in a panel of colon cancer cell lines by immunoblotting. These colon cancer cell lines had varying status of the most common mutations of the key components of the PI3K pathway, *KRAS* and *PIK3CA*, but all carried wild-type *PTEN* ([Figure 1e](#fig1){ref-type="fig"} and [Supplementary Table S3](#sup1){ref-type="supplementary-material"}). None of the colon cancer cell lines harbored *INPP4B* mutations as shown by sequencing of all the 27 exons (including the intron/exon boundaries) of the gene. Although the INPP4B protein was readily detected in all but two colon cancer cell lines (SW480 and SW620) at various levels, it was not measurable in FHC cells ([Figure 1e](#fig1){ref-type="fig"}). Similarly, INPP4B mRNA was also increased in all but the two colon cancer cell lines compared with the normal colon epithelial cell line FHC ([Figure 1f](#fig1){ref-type="fig"}).

INPP4B promotes proliferation of colon cancer cells
---------------------------------------------------

We focused on examination of the functional significance of INPP4B upregulation in colon cancer cells. Strikingly, INPP4B knockdown caused reduction in the basal levels of activation of Akt and inhibited Akt activation in response to stimulation with epidermal growth factor in all the colon cancer cell lines tested (WiDr, HCT116, Lim1215, EB) regardless of their genetic backgrounds ([Figures 1e](#fig1){ref-type="fig"}, [2a](#fig2){ref-type="fig"} and [b](#fig2){ref-type="fig"}; [Supplementary Figures S2A and B](#sup1){ref-type="supplementary-material"}; and [Supplementary Table S3](#sup1){ref-type="supplementary-material"}). Although INPP4B knockdown triggered killing of a small proportion of the cells ([Supplementary Figure S2C](#sup1){ref-type="supplementary-material"}), inhibition of cell proliferation appeared to be the predominant functional consequence ([Figures 2c and d](#fig2){ref-type="fig"}; and [Supplementary Figures 2D and E](#sup1){ref-type="supplementary-material"}). As anticipated, INPP4B knockdown enhanced Akt activation and promoted proliferation in MCF-7 cells that were used as a control ([Figures 2a, c and d](#fig2){ref-type="fig"}).^[@bib8],\ [@bib9]^ These results suggest that, despite its tumor-suppressive role in MCF-7 cells, INPP4B promotes colon cancer cell proliferation and survival, which is associated with increased activation of Akt. In support, introduction of a construct expressing shRNA-resistant cDNA of INPP4B reversed the inhibitory effect of INPP4B knockdown on cell proliferation in WiDr and HCT116 cells ([Figures 2e and f](#fig2){ref-type="fig"}). Moreover, introduction of exogenous INPP4B into SW620 cells that expressed relatively low levels of endogenous INPP4B and HT-29 cells led to increased Akt activation and cell proliferation ([Figures 1e](#fig1){ref-type="fig"}, [2g](#fig2){ref-type="fig"} and [h](#fig2){ref-type="fig"} and [Supplementary Figures S2F and G](#sup1){ref-type="supplementary-material"}).

Both Akt and SGK3 contribute to INPP4B-mediated colon cancer cell proliferation
-------------------------------------------------------------------------------

In support of a role of PI3K/Akt activation in INPP4B-mediated colon cancer cell proliferation, INPP4B knockdown reduced phosphorylation of the downstream target glycogen synthase kinase 3β and increased the expression of p27 or p21, two major negative regulators of cell cycle progression that can be inhibited directly or indirectly by PI3K/Akt signaling ([Figure 2a](#fig2){ref-type="fig"} and [Supplementary Figures S2A and S3A](#sup1){ref-type="supplementary-material"}).^[@bib19]^ Of note, p21 was not detectable in WiDr and Lim1215 cells with or without knockdown of INPP4B ([Supplementary Figure S3A](#sup1){ref-type="supplementary-material"}). Nevertheless, introduction of an active form of Akt (myr-Akt) into WiDr and HCT116 cells with INPP4B stably knocked down only partially reversed the inhibitory effect on cell proliferation ([Figures 3a and b](#fig3){ref-type="fig"}).

We investigated whether SGKs are involved in regulation of colon cancer cell proliferation by INPP4B. INPP4B knockdown caused reduction in phosphorylation (activation) of SGK3 but did not affect phosphorylation of SGK1 ([Figure 3c](#fig3){ref-type="fig"}), suggesting that INPP4B preferentially regulates SGK3 activation in colon cancer cells. The functional significance of SGK3 was demonstrated by introduction of an active form of SGK3 (myr-SGK3) into INPP4B knockdown WiDr and HCT116 cells, which, similar to myr-Akt, partially reversed inhibition of cell proliferation by INPP4B knockdown ([Figures 3d and e](#fig3){ref-type="fig"}; and [Supplementary Figure S3B](#sup1){ref-type="supplementary-material"}). When myr-SGK3 and myr-Akt were co-introduced, the inhibitory effect of INPP4B knockdown on cell proliferation was eliminated ([Figures 3d and e](#fig3){ref-type="fig"} and [Supplementary Figure S3B](#sup1){ref-type="supplementary-material"}). Similarly, downregulation of phosphorylated glycogen synthase kinase 3β and upregulation of p27 was abolished ([Supplementary Figure S3C](#sup1){ref-type="supplementary-material"}).

We also examined the potential role of INPP4B in activation of Akt and SGK3 in colon cancers *in vivo*. The results showed that, among the 124 colon cancers detailed in [Supplementary Table S1](#sup1){ref-type="supplementary-material"}, the levels of activated Akt (pSer473-Akt) and SGK3 (pThr320-SGK3) as determined by immunohistochemistry were associated, albeit moderately, with the levels of INPP4B ([Supplementary Figure S4](#sup1){ref-type="supplementary-material"}).

INPP4B modulates colon cancer growth
------------------------------------

To investigate whether INPP4B-mediated activation of PI3K signaling has a role in normal colon epithelial cell transformation, we introduced an INPP4B-expressing construct into FHC cells ([Figure 4a](#fig4){ref-type="fig"}). This triggered activation of Akt and SGK3 and caused anchorage-independent growth of the cells ([Figures 4a and b](#fig4){ref-type="fig"}). Similarly, it increased the proliferation rate of FHC cells ([Figures 4c and d](#fig4){ref-type="fig"}), which could be partially inhibited by co-introduction of a shRNA against Akt or SGK3 ([Figures 4e and f](#fig4){ref-type="fig"} and [Supplementary Figure S5](#sup1){ref-type="supplementary-material"}). When Akt and SGK3 were co-knocked down, the increase in FHC cell proliferation caused by the expression of INPP4B was abolished ([Figures 4e and f](#fig4){ref-type="fig"} and [Supplementary Figure S5](#sup1){ref-type="supplementary-material"})

To examine whether the expression of INPP4B affects colon cancer growth *in vivo*, we transplanted HCT116 cells with or without INPP4B stably knocked down into nu/nu mice. Deficiency in INPP4B retarded tumor growth *in vivo* ([Figures 4g--i](#fig4){ref-type="fig"}), which was associated with reduction in Akt and SGK3 activation and elevation in p27 and p21 expression ([Figure 4j](#fig4){ref-type="fig"}). The role of inhibition of Akt and SGK3 in suppression of colon cancer growth was confirmed by transplanting INPP4B knockdown HCT116 cells co-introduced with myr-Akt or myr-SGK3 into nu/nu mice ([Figures 4k--n](#fig4){ref-type="fig"}).

INPP4B downregulates PTEN in colon cancer cells
-----------------------------------------------

We tested the impact of INPP4B on cellular levels of PI(3,4,5)P~3~, PI(3,4)P~2~ and PI(3)P. Strikingly, INPP4B knockdown decreased all these phospholipids in WiDr and HCT116 cells ([Figures 5a--c](#fig5){ref-type="fig"}), which could be reversed by introduction of the shRNA-resistant form of INPP4B into the cells ([Supplementary Figures S6A--C](#sup1){ref-type="supplementary-material"}). Similarly, introduction of exogenous INPP4B into SW620 and HT-29 cells increased PI(3,4,5)P~3~, PI(3,4)P~2~ and PI(3)P levels ([Supplementary Figures S7A--C](#sup1){ref-type="supplementary-material"}).

INPP4B does not hydrolyze PI(3,4,5)P~3~.^[@bib9]^ On the other hand, cellular PI(3,4,5)P~3~ levels are reduced by PTEN and 5-phosphatases.^[@bib11],\ [@bib12],\ [@bib13]^ Intriguingly, INPP4B knockdown upregulated PTEN, but did not alter the levels of PIB5PA and SHIP2, in WiDr and HCT116 cells ([Figure 5d](#fig5){ref-type="fig"}). Moreover, overexpression of INPP4B downregulated PTEN in SW620 and HCT116 cells ([Supplementary Figure S7D](#sup1){ref-type="supplementary-material"}). These results suggest that promotion of PI3K signaling by INPP4B is associated with suppression of PTEN in colon cancer cells.

Upregulation of PTEN by INPP4B knockdown in colon cancer cells was associated with an increase in the lipid phosphatase activity of PTEN ([Figures 5e and f](#fig5){ref-type="fig"}). Indeed, co-knockdown of PTEN reversed downregulation of PI(3,4,5)P~3~ and abolished inhibition of Akt and SGK3 activation caused by INPP4B knockdown in WiDr and HCT116 cells ([Figures 5a and g](#fig5){ref-type="fig"}). Moreover, it eliminated INPP4B knockdown-induced inhibition of cell proliferation ([Figure 5h](#fig5){ref-type="fig"}). Of note, co-knockdown of PTEN did not significantly affect the changes in the levels of PI(3,4)P~2~ and PI(3)P caused by INPP4B knockdown ([Figures 5b and c](#fig5){ref-type="fig"}). Nevertheless, knockdown of PTEN caused increases in the INPP4B expression in WiDr and HCT116 cells ([Figure 5g](#fig5){ref-type="fig"}).

The negative regulatory effect of INPP4B on the expression of PTEN was further supported by examination of the relationship between the expression levels of the proteins in colon cancer tissues. The results showed that, among colon cancers that had detectable levels of PTEN expression (76% of the 124 cases; [Supplementary Table S1](#sup1){ref-type="supplementary-material"}), those with high levels of INPP4B defined using the median of INPP4B levels as the cutoff point displayed reduced levels of PTEN ([Supplementary Figure S4](#sup1){ref-type="supplementary-material"}).

Downregulation of PTEN by INPP4B is mediated by its protein phosphatase activity
--------------------------------------------------------------------------------

INPP4B knockdown did not affect the levels of the PTEN mRNA (data not shown). Moreover, the half-life of the PTEN protein was prolonged by INPP4B knockdown in colon cancer cells ([Figure 6a](#fig6){ref-type="fig"}). These results suggest that INPP4B knockdown-triggered PTEN upregulation is due to a posttranslational increase. In support, the increase in PTEN caused by INPP4B knockdown was associated with increased phosphorylation of the Ser380, Thr382, Thr383 and Ser385 cluster of the protein ([Figure 6b](#fig6){ref-type="fig"}), which is known to increase PTEN half-life, in colon cancer cells.^[@bib20]^

INPP4B contains a dual specificity phosphatase domain at its catalytic site.^[@bib21]^ Indeed, it displayed protein tyrosine (Tyr) and serine/threonine (Ser/Thr) phosphatase activity in colon cancer cells ([Figures 6c--e](#fig6){ref-type="fig"}).^[@bib21]^ The Ser/Thr phosphatase activity was confirmed by using the Ser/Thr phosphatase inhibitor sodium fluoride (NaF; [Figure 6f](#fig6){ref-type="fig"}).^[@bib22]^ In support, introduction of a phosphatase dead mutant of INPP4B (INPP4B-C842S), but not expression of the K846M mutant that retained the INPP4B protein phosphatase activity but did not have the lipid phosphatase activity,^[@bib21]^ abolished the inhibitory effect of INPP4B on the phosphorylation and expression of PTEN, activation of Akt and SGK3 and upregulation of PI(3,4,5)P~3~ in SW620 cells ([Figures 6g and h](#fig6){ref-type="fig"}). Of note, neither of the mutants affected PI(3,4)P~2~ levels ([Figure 6i](#fig6){ref-type="fig"}).

To confirm that INPP4B dephosphorylates PTEN, we carried out glutathione *S*-transferase (GST) pull-down assays on whole-cell lysates from HCT116 cells with INPP4B stably knocked down using GST-INPP4B, GST-INPP4B-C842S, GST-INPP4B-K846M or GST as bait. NaF was added into the reaction to prevent dephosphorylation and subsequent degradation of PTEN. As anticipated, PTEN phosphorylated at the Ser380, Thr382 and Thr383 cluster was readily detected by western blotting among proteins pulled down with GST-INPP4B and GST-INPP4B-K846M but not among those by GST or GST-INPP4B-C842S ([Figure 6j](#fig6){ref-type="fig"}). However, the addition of GST-INPP4B or GST-INPP4B-K846M but not GST or GST-INPP4B-C842S into whole-cell lysates from INPP4B knockdown HCT116 cells in the absence of NaF caused marked reduction of PTEN phosphorylated at the cluster ([Figure 6k](#fig6){ref-type="fig"}).

Ets-1 transcriptionally regulates INPP4B in colon cancer cells
--------------------------------------------------------------

As INPP4B protein expression seems largely correlated with its mRNA expression in colon cancer cells ([Figures 1e and f](#fig1){ref-type="fig"}; and [Supplementary Figure S1A](#sup1){ref-type="supplementary-material"}), it is likely that INPP4B is upregulated by transcriptional mechanisms. We examined the expression of a panel of 84 transcription factors using a qPCR-based array in WiDr cells that expressed relatively high levels of the INPP4B mRNA in comparison with SW620 cells that had relatively low levels ([Figure 1f](#fig1){ref-type="fig"}). Among the transcription factors that were differentially expressed ([Supplementary Table S4](#sup1){ref-type="supplementary-material"}), Ets-1 was expressed 11.6-fold higher in WiDr than SW620 cells. The increased expression of Ets-1 in colon cancer cells with high levels of INPP4B was confirmed in the panel of colon cancer cell lines ([Figures 7a and b](#fig7){ref-type="fig"}).^[@bib22]^ By *in silico* analysis, we identified three potential Ets-1-binding sites that were clustered at the −279/−26 region of the *INPP4B* promoter ([Supplementary Figure S8A](#sup1){ref-type="supplementary-material"}). Indeed, siRNA knockdown of Ets-1 caused reduction in INPP4B expression in WiDr and HCT116 cells ([Figure 7c](#fig7){ref-type="fig"}). In contrast, introduction of an Ets-1-expressing construct resulted in upregulation of INPP4B in SW620 and normal colon epithelial cells ([Figure 7d](#fig7){ref-type="fig"}). Moreover, chromatin immunoprecipitation (ChIP) assays showed that Ets-1 was associated with the *INPP4B* promoter in WiDr and HCT116 cells ([Figure 7e](#fig7){ref-type="fig"}). When the Ets-1-binding site-enriched fragment was deleted, the *INPP4B* promoter activity was significantly reduced even when Ets-1 was overexpressed in SW620 and FHC cells ([Figure 7f](#fig7){ref-type="fig"}; and [Supplementary Figures S8B and C](#sup1){ref-type="supplementary-material"}). The functional significance of regulation of INPP4B by Ets-1 was demonstrated by inhibition of WiDr and HCT116 cell proliferation with siRNA knockdown of Ets-1, which was nevertheless reversed, at least partially, by co-introduction of INPP4B ([Supplementary Figure S9](#sup1){ref-type="supplementary-material"}).

Discussion
==========

INPP4B is emerging as a tumor suppressor in a number of cancers, including basal-like breast cancer and those arising from prostate and ovary through inhibition of PI3K/Akt signaling.^[@bib8],\ [@bib15]^ However, we found in this study that INPP4B promoted Akt activation in colon cancer cells. This is perplexing, as INPP4B has been well demonstrated to dephosphorylate PI(3,4)P~2~, thus terminating PI3K signaling in many types of cells.^[@bib8],\ [@bib9]^ Nevertheless, INPP4B knockdown reduced, whereas its overexpression increased PI(3,4,5)P~3~ and PI(3,4)P~2~ levels, suggesting that INPP4B promotes the PI3K/Akt pathway through upregulation of cellular levels of PI(3,4,5)P~3~ and PI(3,4)P~2~ in colon cancer cells, in contrast to its negative regulation of the pathway through hydrolyzing PI(3,4)P~2~ in other types of cells.^[@bib9],\ [@bib15]^ Yet, it remains possible that INPP4B also exerts dephosphorylating effect on PI(3,4)P~2~ in colon cancer cells, but this is conceivably overridden by the increased biogenesis of PI(3,4)P~2~ owing to dephosphorylation of elevated PI(3,4,5)P~3~ by 5-phosphatases such as PIB5PA and SHIP2.^[@bib23],\ [@bib24]^

How does INPP4B upregulate PI(3,4,5)P~3~ and PI(3,4)P~2~ in colon cancer cells? Our results revealed that upregulation of PI(3,4,5)P~3~ by INPP4B was due to suppression of PTEN by the protein Ser/Thr phosphatase activity of INPP4B that dephosphorylated PTEN, which is known to reduce the stability of PTEN ([Supplementary Figure S10](#sup1){ref-type="supplementary-material"}).^[@bib20]^ However, a paradox arising from these results is that native (non-phosphorylated) PTEN has stronger lipid phosphatase activity than its phosphorylated form,^[@bib20]^ which would otherwise exert enhanced hydrolyzing effect on PI(3,4,5)P~3~ leading to its reduction. Nevertheless, our results clearly showed that the lipid phosphatase activity of PTEN was negatively regulated by INPP4B, suggesting that in colon cancer cells the decrease in the activity resulting from INPP4B-mediated downregulation of PTEN is overwhelming.

Similar to PTEN, the catalytic site of INPP4B contains a dual specificity phosphatase domain that is highly conserved across species, suggestive of functional significance.^[@bib21]^ Indeed, protein Tyr phosphatase activity of INPP4B has been recently uncovered.^[@bib21]^ Our results showed that INPP4B also had protein Ser/Thr phosphatase activity that was responsible for INPP4B-mediated dephosphorylation of PTEN in colon cancer cells. Exogenous INPP4B could pull down and dephosphorylate endogenous PTEN, suggesting that effect of INPP4B on PTEN in colon cancer cells is not due to cell-type-specific characteristics of INPP4B *per se*. However, whether INPP4B similarly impinges on PTEN in other types of cells such as basal-like breast cancers remains to be defined, but the inhibitory effect of INPP4B on the PI3K/Akt pathway suggests that it is unlikely to regulate PTEN negatively in these types of cells.^[@bib8],\ [@bib15]^ Noticeably, knockdown of PTEN increased the INPP4B expression in colon cancer cells, suggesting that PTEN may also negatively regulate INPP4B through its protein phosphatase activity. The functional significance of this finding remains to be determined. Regardless, our results have clearly demonstrated that negative regulation of PTEN by INPP4B has an important role in promoting PI3K signaling in colon cancer cells.

An important finding of this study was that SGK3 along with Akt contributed to colon cancer cell proliferation driven by INPP4B. Similar to its effect on PI(3,4,5)P~3~ and PI(3,4)P~2~, INPP4B also upregulates PI(3)P in colon cancer cells. This is conceivably associated with increased PI(3,4)P~2~ available for hydrolysis by INPP4B and contributes to enhanced activation of SGK3 by targeting its early endosomes.^[@bib6],\ [@bib7]^ SGK3 is involved in the pathogenesis of various cancers.^[@bib6],\ [@bib7]^ Of particular interest, it has been recently shown to mediate INPP4B-dependent proliferation of breast cancer cells with low Akt and contribute to the growth of mutant *BRAF* melanomas.^[@bib16],\ [@bib25]^ It seems that the involvement of SGK3 in cancer cell proliferation and survival may be highly cell type and context dependent. Nevertheless, our results indicate that SGK3 contributes to INPP4B-medaited colon cancer cell proliferation irrespective of their mutational statuses of *KRAS* and *PIK3CA*.

Genomic alterations such as gene copy number reduction contribute to loss of other inositol polyphosphate phosphatases such as PTEN and PIB5PA in cancer cells.^[@bib15],\ [@bib26]^ Loss of heterozygosity of *INPP4B* occurs in \>50% of human basal-like breast cancers.^[@bib9]^ By analogy, the increase in INPP4B in colon cancer cells may directly result from its gene copy number gain. However, analysis of previously published array comparative genomic hybridization data showed that there was no regional copy number gain at chromosome 4q (where *INPP4B* maps to 4q31) that spanned across the *INPP4B* gene (142,944,313-- 143,768,585).^[@bib27]^ We similarly did not observe any *INPP4B* copy number alteration in colon cancer cells compared with normal colon epithelial cells (not shown). Instead, our results demonstrated that the increase in INPP4B expression in colon cancer cells was due to transcriptional upregulation mediated by the transcription factor Ets-1, which is commonly elevated in colon cancer cells and is involved in the disease development.^[@bib28],\ [@bib29]^ Upregulation of INPP4B by Ets-1 appears to be involved in Ets-1-mediated colon cancer cell proliferation, as inhibition of colon cancer cell proliferation by siRNA knockdown of Ets-1 was reversed, at least partially, by co-introduction of INPP4B. Of interest, Ets-1 is similarly increased and promotes cell proliferation in many other types of cancers, including basal-like breast cancers.^[@bib30]^ However, it is apparent that its upregulatory effect on INPP4B is not dominant, in that INPP4B is reduced in basal-like breast cancer cells.^[@bib8]^ On the other hand, INPP4B-dependent activation of SGK3 drives tumourigenesis in a subset of breast cancers with low Akt.^[@bib16]^ Whether this is associated with regulation of INPP4B by Ets-1 remains to be clarified.

In summary, we have found in this study that INPP4B functions to promote colon cancer cell proliferation through activating Akt and SGK3. The potential oncogenic role of INPP4B in colon cancer is supported by the findings that ectopic expression of INPP4B enhances proliferation and triggers anchorage-independent growth in normal colon epithelial cells. In addition, knockdown of INPP4B retards colon cancer xenograft growth. Despite these findings, activation of Akt and SGK3 appears only moderately associated with the expression of INPP4B in colon cancer *in vivo*, consistent with the observation that multiple mechanisms are involved in regulation of PI3K signaling.^[@bib1],\ [@bib2]^ Although our results suggest that INPP4B may be targetable in the treatment of colon cancers with high levels of INPP4B expression, given its role as a tumor suppressor in other types of cancers,^[@bib8],\ [@bib9],\ [@bib15]^ inhibition of INPP4B *in vivo* needs to be evaluated with great caution. Regardless, our results indicate that the role of INPP4B in the pathogenesis of different types (subtypes) of cancers needs to be defined discretely.

Materials and methods
=====================

Lentiviral gene transduction and DNA constructs
-----------------------------------------------

The *INPP4B*, myr-*SGK3*, myr-*Akt*, *INPP4B-C842S* or *INPP4B-K846M* cDNA was cloned into the lentiviral expression plasmid pCDH-CMV-MCS-EF1-copGFP (Integrated Sciences, Chatswood, NSW, Australia). An *INPP4B* mutant generated by introducing four silent nucleotide changes in the region complementary to shINPP4B1 was also cloned into the pCDH-CMV-MCS-EF1-copGFP plasmid. Lentiviral packaging was carried out as described previously.^[@bib31]^ Transduction efficiency was monitored by detecting green fluorescent protein (GFP) via flow cytometry.

Laser capture microdissection
-----------------------------

For microdissection, colon cancer tissues and paired noncancerous colon tissues were obtained from patients undergoing surgical resection. The sample from the tumor tissue was mounted in Tissue-Tek OCT compound (Sakura Finechemicals, Tokyo, Japan) and frozen. Each sample was then cut into 10--20 serial sections with a thickness of 10 μm, and sections were mounted on uncoated glass slides. The parts containing areas of cancer cells were identified using hematoxylin--eosin staining and then microdissected according to the standard laser capture procedure^[@bib32],\ [@bib33]^ using a PixCell II LCM system (Arcturus Engineering, Mountain View, CA, USA/Olympus, Tokyo, Japan). Total RNA was extracted from Laser-captured cell nests by using PicoPure RNA Isolation Kit according to the manufacturer\'s protocol, including on-column DNase treatment (Qiagen, Chadstone Centre, VIC, Australia).

PI(3,4,5)P~3~, PI(3,4)P~2~ and PI(3)P enzyme-linked immunosorbent assay (ELISA)
-------------------------------------------------------------------------------

Cellular PI(3,4,5)P~3~, PI(3,4)P~2~ and PI(3)P were respectively extracted and quantitated using PI(3,4,5)P~3~, PI(3,4)P~2~ and PI(3)P Mass ELISA kits from Echelon Biosciences (Salt Lake City, UT, USA) according to the manufacturer\'s instruction. The results were recorded and analyzed using Synergy 2 multi-detection microplate reader (BioTek, Winooski, VT, USA).

PTEN lipid phosphatase activity assay
-------------------------------------

Lipid phosphatase activity of PTEN was quantitated using a PTEN activity ELISA kit from Echelon Biosciences as described previously.^[@bib34]^ In brief, 30 μl PTEN or the IgG control precipitates were incubated with 30 μl PI(3,4,5)P~3~ (16 μ[m]{.smallcaps}) substrate at 37 °C for 2.5 h. The lipid phosphatase activity of PTEN was quantitated by quantitating the amount of PI(4,5)P~2~. The results were recorded and analyzed using Synergy 2 multi-detection microplate reader (BioTek).

Protein phosphatase activity assay
----------------------------------

Protein Serine/Threonine or Tyrosine phosphatase activity of INPP4B was measured by the Serine/Threonine phosphatase assay system or Tyrosine phosphatase assay system from Promega (San Luis Obispo, CA, USA) as described before.^[@bib35],\ [@bib36]^ Briefly, INPP4B or the control goat IgG precipitates from 2 mg whole-cell lysate were incubated with Serine/Threonine or tyrosine phosphopeptides as the substrate. Levels of released free phosphate or PO~4~ were determined after 10-min incubation at room temperature. INPP4B protein phosphatase activity was calculated by subtracting the nonspecific activity of in IgG precipitates. Naf, an inhibitor of Serine/Threonine phosphatase, was used to validate the assay.

Transcription factor qPCR array
-------------------------------

The transcription factor qPCR array was performed by using the Human Transcription Factors RT^2^ Profiler PCR Array Kit (Qiagen). RNA was purified from WiDr (expressing high levels of INPP4B) and SW620 (expressing low levels of INPP4B) cells by using miRNeasy Mini Kit (Qiagen) with the on-column DNase digestion step according to the manufacturer\'s instruction. cDNA was prepared by using the RT^2^ First Strand Kit and subjected to qPCR analysis in combination with RT^2^ SYBR Green Mastermixes with an ABI Fast 7900HT sequence detection system.

ChIP assays
-----------

ChIP assays were performed using an anti-Ets-1 antibody (Santa Cruz, Murarrie, QLD, Australia) and the EZ-ChIP Kit (Millipore, Bayswater, VIC, Australia) according to the manufacturers\' instructions and as described previously.^[@bib37]^ In brief, cells were cross-linked with 1% formaldehyde and the bound DNA fragments were subjected to PCR reactions using the following primer pairs: *INPP4B*, 5′-TGCATTAACTGTGTGGAATGGT-3′ (sense) and 5′-TCCAAATTTTCTTGTCCAAATGTCA-3′ (antisense); and *GAPDH* (glyceraldehyde 3-phosphate dehydrogenase; control), 5′-TACTAGCGGTTTTACGGGCG-3′(sense) and 5′-TCGAACAGGAGGAGCAGAGAGCGA-3′(antisense).

GST pull down
-------------

GST pull down was carried out using a protocol described previously.^[@bib38]^ Briefly, BL21 (DE3) cells (Stratagene, Melbourne, VIC, Australia) were transformed with pGEX-3X-INPP4B or with pGEX-3X to express GST-INPP4B or GST alone before preparation of recombinant proteins adsorbed to glutathione sepharose 4B (GE Healthcare, Silverwater, NSW, Australia). Whole-cell lysates from HCT116 cells with INPP4B stably knocked down were incubated with GST or GST-INPP4B in the presence of 10 m[m]{.smallcaps} NaF at 4 °C for 2 h before washing the beads four times in lysis buffer. Samples were then eluted with sodium dodecyl sulfate-polyacrylamide gel electrophoresis sample buffer and analyzed by western blotting.

Statistical analysis and data presentation
------------------------------------------

The Power and Sample Size Program was used to determine the sample size for *in vitro* experiments. For animal study, Animal Experimentation Ethics Committee Animal Experimentation Sample Size Calculator was used to estimate the sample size, which represents an optimum number to attain statistical significance of *P*\<0.05 with a 90% probability. All data are expressed as mean±s.e.m. of three independent experiments. The two-tailed Student\'s *t*-test was used to analyze the differences for statistical significance between two selected groups with the assumption of normal distribution of data and equal sample variance. Kruskal--Wallis test was carried out for comparing INPP4B expression in colon cancers and paired adjacent noncancerous colon tissues. Correlation between INPP4B and phosphorylated Akt or phosphorylated SGK3 in human colon cancer tissues was examined with Pearson\'s correlation. All materials used for, and results generated from, the study were included for statistical analysis, with no randomization or blinding involved. No exclusion of data points was used.
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![INPP4B is frequently upregulated in colon cancer cells. (**a**) Representative microphotographs of immunohistochemical (IHC) staining of INPP4B in tissue microarrays constructed from colon cancers and paired adjacent noncancerous colon tissues. Scale bar, 100 μm. (**b**) Comparison of INPP4B expression in the 124 colon cancers and paired adjacent noncancerous colon tissues as detailed in [Supplementary Table S1](#sup1){ref-type="supplementary-material"}. Data are represented as mean immunoreactive score±s.e.m. of IHC staining. \*\*\**P*\<0.001, Kruskal--Wallis test. (**c**) Comparison of INPP4B mRNA levels of laser capture micro-dissected (LCM) colon cancer cells from the 120 colon cancers and paired adjacent noncancerous epithelial tissues as detailed in [Supplementary Table S2](#sup1){ref-type="supplementary-material"}. The relative abundance of INPP4B mRNA in the latter was arbitrarily designated as 1. Data are represented as mean±s.e.m. \*\**P*\<0.01, Student\'s *t*-test. (**d**) Comparison of INPP4B mRNA levels in LCM colon cancer cells (LCM) (*n*=77) and homogenized colon cancer tissues (HC) (*n*=17) from the Matsuyama microarray gene expression data set (<http://r2.amc.nl>). \**P*\<0.05, Student\'s *t*-test. (**e**) Whole-cell lysates from the FHC normal colon epithelial cell line and the indicated colon cancer cell lines with different mutational status of *PIK3CA*, *KRAS* and *PTEN* were subjected to western blotting analysis of INPP4B and GAPDH (as a loading control). Data are representative of three individual experiments. W: wild-type; M: mutant. (**f**) Total RNA from the FHC normal colon epithelial cell line and the indicated colon cancer cell lines were subjected to qPCR analysis of INPP4B mRNA expression. The relative abundance of INPP4B mRNA in FHC cells was arbitrarily designated as 1. Data are represented as mean±s.e.m. of three individual experiments.](onc2015361f1){#fig1}

![INPP4B promotes colon cancer cell proliferation. (**a**) Whole-cell lysates from WiDr and HCT116 colon cancer cells and MCF-7 breast cancer cells stably transduced with the control shRNA (shControl) or two individual INPP4B shRNAs (shINPP4B1 and shINPP4B2) were subjected to western blotting analysis of INPP4B, phosphorylated Akt (pSer473-Akt and pThr308-Akt), Akt and GAPDH (as a loading control). Data are representative of three individual experiments. (**b**) WiDr and HCT116 cells stably transduced with the control shRNA (shControl) or INPP4B shRNA (shINPP4B1) were treated with epidermal growth factor (100 n[M]{.smallcaps}) for the indicated periods. Whole-cell lysates were subjected to western blotting analysis of INPP4B, phosphorylated Akt (pSer473-Akt and pThr308-Akt), Akt, and GAPDH (as a loading control). Data are representative of three individual experiments. (**c**) WiDr, HCT116 and MCF-7 cells were stably transduced with the control shRNA (shControl) or two individual INPP4B shRNAs (shINPP4B1 and shINPP4B2). Forty-eight hours later, cells were subjected to bromodeoxyuridine (BrdU) incorporation assays. Data are represented as mean±s.e.m. of three individual experiments. \**P*\<0.05, Student\'s *t*-test. (**d**) WiDr, HCT116 and MCF-7 cells stably transduced with the control shRNA (shControl) or two individual INPP4B shRNAs (shINPP4B1 and shINPP4B2) were subjected to clonogenic assays. Data are representative of three individual experiments. Scale bar, 1 cm. (**e**) WiDr and HCT116 cells stably transduced with shControl or shINPP4B1 were transduced with a shRNA-resistant mutant form of INPP4B (INPP4B-mut). Forty-eight hours later, whole-cell lysates were subjected to western blotting analysis of INPP4B and GAPDH (as a loading control). Data are representative of three individual experiments. (**f**) WiDr and HCT116 cells stably transduced with shControl or shINPP4B1 were transduced with a shRNA-resistant mutant form of INPP4B (INPP4B-mut). Forty-eight hours later, cells were subjected to BrdU incorporation assay. Data are represented as mean±s.e.m. of three individual experiments. \**P*\<0.05, Student\'s *t*-test. (**g**) Whole-cell lysates from SW620 and HT-29 colon cancer cells and MDA-MB-231 breast cancer cells stably transduced with the pCDH vector alone or INPP4B cDNA cloned into the pCDH vector (pCDH-INPP4B) were subjected to western blotting analysis of INPP4B, phosphorylated Akt (pSer473-Akt), Akt and GAPDH (as a loading control). Data are representative of three individual experiments. (**h**) SW620, HT-29 and MDA-MB-231 cells stably transduced with the pCDH vector alone or INPP4B cDNA cloned into the pCDH vector (pCDH-INPP4B) were subjected to clonogenic assays. Data are representative of three individual experiments. Scale bar, 1 cm.](onc2015361f2){#fig2}

![Akt and SGK3 cooperatively regulates colon cancer cell proliferation downstream of INPP4B. (**a**) WiDr and HCT116 cells stably transduced with the control shRNA (shControl) or INPP4B shRNA (shINPP4B1) were transduced with the vector alone or myr-Akt cDNA. Forty-eight hours later, whole-cell lysates were subjected to western blotting analysis of phosphorylated Akt (pSer473-Akt and pThr308-Akt), Akt and GAPDH (as a loading control). Data are representative of three individual experiments. (**b**) WiDr and HCT116 cells stably transduced with the shControl or shINPP4B1 were transduced with the vector alone or myr-Akt cDNA. Forty-eight hours later, cells were subjected to bromodeoxyuridine (BrdU) incorporation assays. Data are represented as mean±s.e.m. of three individual experiments. Student\'s *t*-test. (**c**) Whole-cell lysates from WiDr and HCT116 cells stably transduced with shControl or two individual INPP4B shRNAs (shINPP4B1 and shINPP4B2) were subjected to western blotting analysis of phosphorylated SGK3 (pThr320-SGK3), SGK3, phosphorylated SGK1 (pSer422-SGK1), SGK1 and GAPDH (as a loading control). Data are representative of three individual experiments. (**d**) WiDr and HCT116 cells stably transduced shINPP4B1 were transduced with the vector alone, myr-SGK3 cDNA, myr-Akt cDNA or myr-SGK3 cDNA plus myr-Akt cDNA. Forty-eight hours later, whole-cell lysates were subjected to western blotting analysis of phosphorylated SGK3 (pThr320-SGK3), SGK3, phosphorylated Akt (pSer473-Akt and pThr308-Akt), Akt and GAPDH (as a loading control). Data are representative of three individual experiments. (**e**) WiDr cells stably transduced with shINPP4B1 were transduced with the vector alone, myr-SGK3 cDNA, myr-Akt cDNA or myr-SGK3 cDNA plus myr-Akt cDNA. Forty-eight hours later, cells were subjected to BrdU incorporation assays. Data are represented as mean±s.e.m. of three individual experiments. \**P*\<0.05, Student\'s *t*-test.](onc2015361f3){#fig3}

![INPP4B promotes proliferation and anchorage-independent growth of normal colon epithelial cells and modulates colon cancer xenograft growth. (**a**) Whole-cell lysates from FHC normal colon epithelial cells stably transduced with the pCDH vector alone or INPP4B cDNA cloned into the pCDH vector (pCDH-INPP4B) were subjected to western blotting analysis of INPP4B, phosphorylated Akt (pSer473-Akt and pThr308-Akt), Akt, phosphorylated SGK3 (pThr320-SGK3), SGK3 and GAPDH (as a loading control). Data are representative of three individual experiments. (**b**) Representative microphotographs of anchorage-independent growth of FHC cells transduced with the pCDH vector alone or INPP4B cDNA cloned into the pCDH vector (pCDH-INPP4B). Data are representative of three individual experiments. Scale bar, 0.5 mm. (**c**) FHC cells transduced with the pCDH vector alone or INPP4B cDNA cloned into the pCDH vector (pCDH-INPP4B) were subjected to bromodeoxyuridine (BrdU) incorporation assays. Data are represented as mean±s.e.m. of three individual experiments. \**P*\<0.05, Student\'s *t*-test. (**d**) FHC cells were transduced with the pCDH vector alone or INPP4B cDNA cloned into the pCDH vector (pCDH-INPP4B). Viable cells were counted in an automated cell counter at days 3, 6 and 9 after transduction. Data are represented as mean±s.e.m. of three individual experiments. \**P*\<0.05, Student\'s *t*-test. (**e**) FHC cells transduced with the pCDH vector alone or INPP4B cDNA cloned into the pCDH vector (pCDH-INPP4B) were transduced with shControl, Akt shRNA (shAkt), SGK3 shRNA (shSGK3) or shAKT plus shSGK3. Forty-eight hours later, whole-cell lysates were subjected to western blotting analysis of Akt, SGK3, INPP4B and GAPDH (as a loading control). Data are representative of three individual experiments. (**f**) FHC cells transduced with the pCDH vector alone or INPP4B cDNA cloned into the pCDH vector (pCDH-INPP4B) were transduced with shControl, shAkt or shSGK3. Forty-eight hours later, cells were subjected to BrdU incorporation assays. Data are represented as mean±s.e.m. of three individual experiments. \**P*\<0.05, Student\'s *t*-test. (**g**) Representative photographs of xenografts of HCT116 cells transduced with shControl or shINPP4B1 in flanks of nu/nu mice (*n*=8). Mice were euthanized and tumor harvested at 36 days after cell injection. Scale bar, 5 mm. (**h**) Comparison of growth curves of xenografts of HCT116 cells transduced with shControl or shINPP4B1. Data are represented as mean±s.e.m. of xenografts in 8 mice. \**P*\<0.05; \*\**P*\<0.01, Student\'s *t*-test. (**i**) Comparison of weight of harvested xenografts of HCT116 cells transduced with shControl or shINPP4B1. Data are represented as mean±s.e.m. of xenografts in eight mice. \*\**P*\<0.01, Student\'s *t*-test. (**j**) Whole-cell lysates of crude tissues from representative xenografts of HCT116 cells transduced with shControl or shINPP4B1 were subjected to western blotting analysis of INPP4B, phosphorylated Akt (pSer473-Akt), Akt, phosphorylated SGK3 (pThr320-SGK3), SGK3, p27, p21 and GAPDH (as a loading control). Data shown are representative of three individual western blotting analyses of randomly selected tumor samples. (**k**) HCT116 cells transduced with shINPP4B1 were transduced with the vector alone, myr-Akt cDNA or myr-SGK3 cDNA. Forty-eight hours later, whole-cell lysates were subjected to western blotting analysis of phosphorylated Akt (pSer473-Akt), Akt, phosphorylated SGK3 (pThr320-SGK3), SGK3 and GAPDH (as a loading control). Data shown are representative of three individual experiments. (**l**) Representative photographs of xenografts of HCT116 cells transduced with shINPP4B1 with or without co-transduction with the vector alone, myr-Akt cDNA or myr-SGK3 cDNA into the flanks of nu/nu mice (*n*=8). Mice were euthanized and tumor harvested at 36 days after cell injection. Scale bar, 5 mm. (**m**) Comparison of volume of xenografts of HCT116 cells transduced with shINPP4B1 with or without co-transduction with the vector alone, myr-Akt cDNA or myr-SGK3 cDNA. Data are represented as mean±s.e.m. of xenografts in eight mice. \**P*\<0.05, Student\'s *t*-test. (**n**) Comparison of weight of harvested xenografts of HCT116 cells transduced with shINPP4B1 with or without co-transduction with the vector alone, myr-Akt cDNA or myr-SGK3 cDNA. Data are represented as mean±s.e.m. of xenografts in eight mice. \**P*\<0.05, Student\'s *t*-test.](onc2015361f4){#fig4}

![INPP4B downregulates PTEN in colon cancer cells. (**a**) The relative abundance of PI(3,4,5)P~3~ in WiDr and HCT116 cells transduced with the control shRNA (shControl), INPP4B shRNA (shINPP4B1), PTEN shRNA (shPTEN) or shINPP4B1 plus shPTEN was measured by using ELISA in lipid extractions of whole cells. Data are represented as mean±s.e.m. of three individual experiments. \*\**P*\<0.01, Student\'s *t*-test. (**b**) The relative abundance of PI(3,4)P~2~ in WiDr and HCT116 cells transduced with shControl, shINPP4B1, shPTEN or shINPP4B1 plus shPTEN was measured by using ELISA in lipid extractions of whole cells. Data are represented as mean±s.e.m. of three individual experiments. \**P*\<0.05, Student\'s *t*-test. (**c**) The relative abundance of PI(3)P in WiDr and HCT116 cells transduced with shControl, shINPP4B1, shPTEN or shINPP4B1 plus shPTEN was measured by using ELISA in lipid extractions of whole cells. Data are represented as mean±s.e.m. of three individual experiments. \**P*\<0.05, Student\'s *t*-test. (**d**) Whole-cell lysates from WiDr and HCT116 cells stably transduced with shControl or two INPP4B shRNAs (shINPP4B1 and shINPP4B2) were subjected to western blotting analysis of PTEN, PIB5PA, SHIP2 and GAPDH (as a loading control). Data are representative of three individual experiments. (**e**) Whole-cell lysates from WiDr and HCT116 cells stably transduced with shControl or shINPP4B1 were subjected to immunoprecipitation with a rabbit antibody against PTEN or control rabbit IgG. The precipitates were subjected to western blotting analysis of PTEN. Data are representative of three individual experiments. (**f**) Whole-cell lysates from WiDr and HCT116 cells stably transduced with shControl or shINPP4B1 were subjected to immunoprecipitation with a rabbit antibody against PTEN. The precipitated PTEN was subjected to analysis of PTEN lipid phosphatase activity using a PTEN activity ELISA kit. The relative PTEN lipid phosphatase activity in cells transduced with shControl was arbitrarily designated as 1. Data are represented as mean±s.e.m. of three individual experiments. \**P*\<0.05, Student\'s *t*-test. (**g**) Whole-cell lysates from WiDr and HCT116 cells transduced with shControl, shINPP4B1, shPTEN or shINPP4B1 plus shPTEN were subjected to western blotting analysis of INPP4B, PTEN, hosphorylated Akt (pSer473-Akt), Akt, phosphorylated SGK3 (pThr320-SGK3), SGK3 and GAPDH (as a loading control). Data are representative of three individual experiments. (**h**) WiDr and HCT116 cells were transduced with shControl, shINPP4B1, shPTEN or shINPP4B1 plus shPTEN. Forty-eight hours later, cells were then subjected to bromodeoxyuridine (BrdU) incorporation assays. Data are represented as mean±s.e.m. of three individual experiments. \**P*\<0.05, Student\'s *t*-test.](onc2015361f5){#fig5}

![Downregulation of PTEN by INPP4B is mediated by its protein phosphatase activity. (**a**) WiDr and HCT116 cells stably transduced with the control shRNA (shControl) or INPP4B shRNA (shINPP4B1) were treated with cycloheximide (CHX) (100 μg/ml) for the indicated periods. Whole-cell lysates were subjected to western blotting analysis of PTEN and GAPDH (as a loading control). Data are representative of three individual experiments. (**b**) Whole-cell lysates from WiDr and HCT116 cells stably transduced with shControl or two individual INPP4B shRNAs (shINPP4B1 and shINPP4B2) were subjected to western blotting analysis of phosphorylated PTEN (pSer380/Thr382/383 and pSer385), PTEN and GAPDH (as a loading control). Data are representative of three individual experiments. (**c**) Whole-cell lysates from WiDr and HCT116 cells were subjected to immunoprecipitation with a rabbit antibody against INPP4B or rabbit IgG. Precipitated INPP4B was then subjected to analysis of INPP4B protein Tyrosine phosphatase activity using a Tyrosine phosphatase assay system. The relative INPP4B protein Tyrosine phosphatase activity in cells precipitated with rabbit IgG was arbitrarily designated as 1. Data are represented as mean±s.e.m. of three individual experiments. (**d**) Whole-cell lysates from WiDr and HCT116 cells were subjected to immunoprecipitation with a rabbit antibody against INPP4B or rabbit IgG. Precipitated INPP4B was then subjected to analysis of INPP4B protein Serine/Threonine phosphatase activity using a Serine/Threonine phosphatase assay system. The relative INPP4B protein Serine/Threonine phosphatase activity in cells precipitated with rabbit IgG was arbitrarily designated as 1. Data are represented as mean±s.e.m. of three individual experiments. (**e**) Whole-cell lysates from WiDr and HCT116 cells were subjected to immunoprecipitation with a rabbit antibody against INPP4B or rabbit IgG. The resulting precipitates were subjected to western blotting analysis of INPP4B and phosphorylated PTEN (pSer380/Thr382/383). Data are representative of three individual experiments. (**f**) Whole-cell lysates from WiDr and HCT116 cells were subjected to immunoprecipitation with a rabbit antibody against INPP4B in the absence or presence of NaF (50 m[M]{.smallcaps}). The resulting precipitates were then subjected to analysis of INPP4B protein Serine/Threonine phosphatase activity using a Serine/Threonine phosphatase assay system. Data are represented as mean±s.e.m. of three individual experiments. \*\**P*\<0.01, Student\'s *t*-test. (**g**) Whole-cell lysates from SW620 cells stably transduced with the wild-type INPP4B cDNA (INPP4B-wt) or mutant INPP4B cDNAs (INPP4B-C842S or INPP4B-K846M) cloned into the pCDH vector were subjected to western blotting analysis of INPP4B, PTEN, phosphorylated PTEN (pSer380/Thr382/383), PTEN, phosphorylated Akt (pSer473-Akt), Akt, phosphorylated SGK3 (pThr320-SGK3), SGK3 and GAPDH (as a loading control). Data are representative of three individual experiments. (**h**) The relative abundance of PI(3,4,5)P~3~ in SW620 cells transduced with the wild-type INPP4B cDNA (INPP4B-wt) or mutant INPP4B cDNAs (INPP4B-C842S or INPP4B-K846M) cloned into the pCDH vector was measured by using ELISA in lipid extractions of whole cells. Data are represented as mean±s.e.m. of three individual experiments. \**P*\<0.05, Student\'s *t*-test. (**i**) The relative abundance of PI(3,4)P~2~ in SW620 cells transduced with the wild-type INPP4B cDNA (INPP4B-wt) or mutant INPP4B cDNAs (INPP4B-C842S or INPP4B-K846M) cloned into the pCDH vector was measured by using ELISA in lipid extractions of whole cells. Data are represented as mean±s.e.m. of three individual experiments. \**P*\<0.05, Student\'s *t*-test. (**j**) Whole-cell lysates from HCT116 cells with INPP4B stably knocked down were subjected to GST pull-down using GST-INPP4B, GST-INPP4B-C842S, GST-INPP4B-K846M or GST as bait in the presence of NaF (10 m[m]{.smallcaps}). The resulting proteins were then subjected to western blotting analysis of phosphorylated PTEN (pSer380/Thr382/383), GST and PTEN (input control). Data are representative of three individual experiments. (**k**) Whole-cell lysates from HCT116 cells with INPP4B stably knocked down were incubated with purified GST-INPP4B, GST-INPP4B-C842S, GST-INPP4B-K846M or GST protein for 16 h. Samples were then subjected to western blotting analysis of phosphorylated PTEN (pSer380/Thr382/383), GST and PTEN (input control). Data are representative of three individual experiments.](onc2015361f6){#fig6}

![Ets-1 regulates INPP4B in colon cancer cells. (**a**) Total RNA from the FHC normal colon epithelial cell line and indicated colon cancer cell lines were subjected to qPCR analysis of Ets-1 mRNA expression. The relative abundance of Ets-1 mRNA in FHC cells was arbitrarily designated as 1. Data are represented as mean±s.e.m. of three individual experiments. (**b**) Whole-cell lysates from the FHC normal colon epithelial cell line and indicated colon cancer cell lines were subjected to western blotting analysis of Ets-1 and GAPDH (as a loading control). Data are representative of three individual experiments. (**c**) Whole-cell lysates from WiDr and HCT116 cells transfected with the control siRNA or two individual Ets-1 siRNAs (Ets-1 siRNA1 and Ets-1 siRNA2) were subjected to western blotting analysis of Ets-1, INPP4B and GAPDH (as a loading control). Data are representative of three individual experiments. (**d**) Whole-cell lysates from SW620 and the FHC cells transfected with the vector alone or Ets-1 cDNA were subjected to western blotting analysis of Ets-1, INPP4B and GAPDH (as a loading control). Data are representative of three individual experiments. (**e**) Formaldehyde-cross-linked chromatin of WiDr and HCT116 cells were subjected to immunoprecipitation with an antibody against Ets-1. The precipitates were subjected to PCR amplification using primers for the −279/−26 region of the *INPP4B* promoter. Data are representative of three individual experiments. (**f**) WiDr and HCT116 cells were transiently transfected with the pGL3-basic-based reporter constructs (pGL3-vector, pGL3-INPP4B wt or pGL3-INPP4B mut as shown in [Supplementary Figure S8B](#sup1){ref-type="supplementary-material"}) as well as pRL-TK Renilla luciferase control vector. Twenty-four hours later, cells were subjected to the measurement of the luciferase activity. Data are represented as mean±s.e.m. of three individual experiments. \*\**P*\<0.01, Student\'s *t*-test.](onc2015361f7){#fig7}
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